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COMPLEX OXIDES FOR USE IN SEMICONDUCTOR DEVICES AND 

RELATED METHODS 



Field of the Invention 
[0001] The invention generally relates to oxides that may be used in conjunction 
with integrated circuit devices, e.g., field effect transistors and high electron mobility 
transistors, as well as other devices including photovoltaics, and methods of making 
the same. 



Background of the Invention 
[0002] Insulated gate field effect transistors (IGFETs) typically include a channel 
region in which current is controlled through the application of an electrical bias to a 
gate electrode that is separated from the channel region by a thin insulating film or 
gate dielectric. Current through the channel is supplied and collected by source and 
drain contacts, respectively, to the channel region. As semiconductor devices become 
increasingly miniaturized, gate dielectrics having a reduced equivalent oxide 
thickness (EOT) may be desirable. For example, the Semiconductor Industry 
Association (SIA) National Technology Roadmap for Semiconductors (NTRS) has 
projected that gate dielectrics with an EOT below 1 nm may be desirable for uses 
such as in advanced complementary metal-semiconductor oxide field-effect transistor 
(CMOS FET) devices having channel lengths scaled to below 50 nm. However, 
reduced EOT dielectrics may exhibit tunneling and current leakage. For example, 
tunneling of conventional materials such as Si0 2 may exceed 1-5 A/cm 2 at applied 
gate bias levels of about 1 V above threshold for an EOT of less than 1 .4nm. 
[0003] One possible approach for decreasing EOT without increasing direct 
tunneling leakage current may involve substituting alternative oxides with dielectric 
constants (K) that could exceed that of Si0 2 . Silicon dioxide has a dielectric constant 
of approximately 3.9. For example, it may be desirable to obtain oxides with 
dielectric constants ranging from approximately 10 to more than 30. However, 
dielectric materials with higher vales of K generally tend to have relatively small band 
gaps, which can also contribute to undesirable tunneling leakage current in 
semiconductor devices despite a relatively high dielectric constant. 
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[0004] Silicon nitride and silicon oxynitride alloys have been proposed as 
dielectric materials. Silicon nitride and silicone oxynitride alloys have dielectric 
constants of approximately 7.6 and 5.5 to 6.0 respectively. For example, CJ. Parker, 
G. Lucovsky and J.R. Hauser, IEEE Electron. Device Lett. (1998); Y. Wu and G. 
Lucovsky, IEEE Electron. Device Lett. (1998); and H. Yang and G. Lucovsky, IEDM 
Digest, (1999) propose oxide-nitride and oxide-oxynitride alloy stacked dielectrics 
with EOT projected to be greater than about 1.1 nm before tunneling leakage at 
approximately 1 V is increased above 1-5 A/cm 2 . The preparation of these stacked 
dielectrics proposes two 300°C remote plasma process steps: i) plasma-assisted 
oxidation to form Si-Si0 2 interface layers ranging in thickness from about 0.5 to 0.6 
nm, and ii) remote plasma-enhanced chemical vapor deposition (RPECVD) to deposit 
either a nitride or an oxynitride (e.g., (Si0 2 )x(Si 3 N 4 )l-x with x ~ 0.5) dielectric film in 
the dielectric stack. After deposition, a low thermal budget, e.g., 30 second, 900°C, 
rapid thermal anneal (RTA) has been proposed in an attempt to achieve chemical and 
structural relaxation. This RTA may promote optimized performance in IGFET 
devices [G. Lucovsky, A. Banerjee, B. Hinds, G. Claflin, K. Koh and H. Yang, J. Vac. 
Sci. Technol. B15, 1074 (1997)]. Stacked nitride and oxynitride gate dielectrics may 
display improved performance and reliability with respect to thermally-grown oxides 
of the same EOT. Nonetheless, these gate dielectrics typically have EOT of greater 
than 1 . 1 nm in order to attempt to maintain direct tunneling leakage below 1 A/cm 2 . 
The nitride and oxynitride layers of these devices may be sufficiently thick to 
niinimize or stop boron out-diftusion out of p+ polycrystalline Si gate electrodes in 
the p-channel IGFETs [Y. Wu, et al., Vac. Sci. Technol. B17 1813 (1999)]. 
[0005] Other high-is: dielectrics have been proposed (e^ a K greater than 8) 
including Ti0 2 [J. Yan, D.C. Gilmer, S.A. Campbell, W.L. Gladfelter and P.G. 
Schmid, J. Vac. Sci. Technol. B 14, 1706 (1996).], Ta 2 0 5 [H. Shinrike and M. Nakata, 
IEEE Trans, on Elec. Devices 38, 544 (1991)], A1 2 0 3 [L. Manchanda, W.H. Lee, J.E. 
Bower, F.H. Baumann, W.L. Brown, et al., IEDM Tech. Dig., p. 605 (1998)], Zr0 2 , 
[R.B. van Dover, et al., IEEE Electron Device Lett., 19, 329, (1998)] and Zr(Hf)0 2 - 
SiO z (also designated as Zr(Hf)-silicates; see van Dover et al.). These materials may 
not demonstrate the targeted goals of capacitance with decreased tunneling or leakage 
currents that may be desirable for silicon CMOS devices. For example, these 
materials may exhibit tunneling or leakage currents in CMOS devices with EOT less 
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than 1 nm. The performance of the materials may be limited due to the oxidation of 
the silicon substrate that can occur during thermal chemical vapor deposition (CVD) 
or during post-deposition processing, such as, for example, thermal anneals, to fully 
oxidize the deposited thin films. 

[0006] Another high-* dielectric is non-crystalline A1 2 0 3 . The dielectric constant 
of A1 2 0 3 is generally about nine or less, but A1 2 0 3 has a band gap of more than 7 eV 
and conduction and valence band offset energies greater than 2 eV. However 
because of its increased bond-ionicity with respect to Si0 2 (Lucovsky, JVST)' non- 
crystalline A1 2 0 3 dielectric films may display a high value of interfacial fixed 
negative charge, ^ greater than 10 12 cm' 2 , as compared to less than 10 11 cm 2 for 
Si0 2 dielectrics, at interfaces with Si, or at interfaces with superficiaUy thin (<0 5-1 0 
nm) non-crystalline Si0 2 in contact with Si. This high value of fixed charge has been 
correlated with electron and hole mobility degradation in the channel of IGFET 
devices and can potentially contribute to a reduction in the dimensionally-scaled drive 
current by factors of two or more. Accordingly, the gains in device capacitance 
derived from the increased value of *may be diminished. 

[0007] Other relatively high-* materials include transition metal and rare earth 
elemental oxides. These dielectrics may be qualitatively different than non-crystalline 
SiQ 2 and A1 2 Q 3 in as much as the lowest conduction band states may be associated 
with localized atomic d-states of the respectively transition metal and rare earth atoms 
in contrast to the delocalized or extended s-state conduction band edge states of non- 
crystalline SiG 2 , A1 2 0 3 and the like. A comparison of an electronic structure diagram 
of the conduction band edge states of non-crystalline Si0 2 and a metal or rare earth 
oxide is shown in Figure 1. Excitations to these states may show strong final state 
effects. Moreover, the lowest conduction band states may display a linear scaling of 
the optical band gap (Le. the energy associated with the generation of a electron-hole 
pair created by absorption of a photon) with the atomic d-state energy in a 
configuration appropriate to bonding to oxygen atoms in a dielectric. For dielectric 
applications, this configuration is generally designated as s 2 d"- 2 , where n is total 
number of valence electrons. For example, n is 3 for the group IIIB transition metal 
atoms, and the lanthanide rare earth atoms, 4 for the group IVB transition metal 
atoms, and 5 for the group VB transition metal atoms. This scaling is displayed in 
Figure 2, where specific transition metal and rare earth oxides have been identified in 
the diagram. Figure 2 also includes estimated and/or measured values of the 
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conduction band offset energies relative to Si. As noted above, there is also an 
empirical relationship between the band gap, E & and the dielectric constant, K, such 
that E g generally decreases as * increases. The scaling in Figure 1 may be validated 
experimentally. Due to these properties, several high-* thin film dielectrics, 
including Ti0 2 , Nb^ and Ta 2 0 3 may perform poorly if incorporated into silicon 
MOSFET devices. 

[0008] There may be other problems in the application of elemental oxides, such 
as the transition metal oxides, Zr0 2 , HfD 2 , Y 2 0 3 , La 2 0 3 , and the rare earth oxides 
(including Gd 2 0 3 and the like), into aggressively scale miniaturized MOSFET 
devices. The various problems that can be experienced include i) high values of 
interfacial fixed charge that are generally positive ii) ion and atom transport, iii) high 
reactivity with ambient gases, giving rise to incorporation or water or hydroxyl 
groups, and iv) lower than anticipated tunneling currents due to reduced electron 
masses associated with the electronic structure, e^, because the lowest conduction 
band has d-state properties. This last effect may be more apparent in transition metal 
oxides than in rare earth oxides. Other process integration issues may relate to the 
combined effects of their hydrophyllic nature and oxygen ion transport that can 
promote changes in interface bonding during post-deposition thermal process steps, 
including dopant activation of atoms in source and drain contacts to the channel in a 
MOSFET device. 

[0009] Other high-* dielectric materials include non-crystalline silicate and 
aluminate alloys, which are generally non-stoichiometric and may not correspond to 
the composition of a particular crystalline phase. For example, hamium silicate and 
aluminate alloys in the alloy composition range from -25% to at most 50% Hf0 2 have 
been proposed, as well as Zr silicate and aluminate alloys. Hamium silicates may 
have reduced reactivity with Si substrates and the like. However, one drawback for 
both group TVB silicates may be their thermal stability against chemical phase 
separation into ZrO, or Hf0 2 , and a relatively low content silicate alloy (less than 
1 0% Zr0 2 or HfQ 2 as determined by the concentration of the eutectic in the 
equilibrium phase diagram), and crystallization of the Zr0 2 or Hf0 2 phase. Thermal 
instability generally occurs at temperatures of - 900 °C for low Zr0 2 content Zr 
silicate alloys, and at temperature ~ 1000 °C for low HfD 2 content Hf silicates. Less 
is understood about chemical phase separation in aluminate alloys; however, there is 



4 



WO 2005/004198 

PCT/US2004/018863 

some evidence for crystallization in Hf aluminate alloys. Decreases in K upon 
alloying with either Si0 2 or A1 2 0 3 may be significant For example, the Zr and Hf 
silicate alloys that display the greatest amount of thermal stability against 
crystallization have dielectric constants less than 15. Nonetheless, they display 
reduced direct tunneling with respect to their respective end-member elemental oxides 
because of mitigating factors, such as the tunneling effective mass, that can increase 
as the transition metal oxide fraction increases. The precursor bonding states that 
drive the chemical phase separation can be a function of the degree of rigidity or over- 
constrained bonding in the non-crystalline alloy, particularly in the composition range 
of about 25 to 50o/o Zr0 2 or Hf0 2 . The increased rigidity of these alloys relative to 
non-crystalline Si0 2 , and nano- or micro-crystalline Zr0 2 or Hf0 2 , is the driving force 
for the chemical separation. The separated state is lower in energy, but also has a 
significantly reduced dielectric constant that renders phase separated dielectrics not 
useful for certain applications. In addition, the rigidity of these low ZrCVHfO, 
content silicate films may result in i) defects in the bulk of the film that cannot be 
compensated by hydrogen or deuterium, and leads to electron injection and trapping 
under biased conditions, and also ii) defect formation at the semiconductor dielectric 
interfaces, e^, silicon atom dangling bonds in the strained silicon in contact with the 
dielectric film, and/or a superficially thin region with predominantly Si-0 bonding. 
[0010] Other potential problems encountered with various high-* dielectrics may 
relate to: (1) the crystallization of the deposited films during either deposition or 
post-deposition processing, (2) the low dielectric constants of the bulk films that may 
be insufficient to meet the targeted goals, and (3) the formation of interfacial silicon 
oxides, or low content silicon oxide alloys (e.g., silicates) that may limit the attainable 
effective values oftheffor the resulting stacked dielectric structure. For example it 
is believed that oxidation of the silicon substrate during deposition or post-deposition 
processing may mitigate many of the gains of high-flayers with respect to achievable 
capacitance, whereas crystallization has the potential to open up alternative 
conduction pathways, the possibility of anisotropic dielectric constant behavior, and 
the potential to produce surface roughening. 

10011] The formation of interfacial silicide bonds may result in undesirable 
interfacial defects. Such defects may occur in the form of fixed positive charge or 
interface traps. Thus, it may be desirable to employ a thin dielectric interface layer of 
Sl 0 2 between the dielectric layer and the silicon substrate. Utilizing such interfacial 
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layers with known insulating film dielectrics, however, may be disadvantageous in 
that they may limit the dielectric stacks from having sufficient capacitance to meet the 
ever-increasing scaling demands of CMOS devices. Additionally, this use of 
interfacial layers may also limit the incorporation of high-* oxide's into devices that 
employ semiconductor substrates other than silicon such as, for example, silicon 
carbide, gallium nitride and compound semiconductors such as SiC, GaN, (Al,Ga)N 
GaAs, (Al,Ga)As, (In,Ga)As, GaSb, (Al,Ga)Sb, (In,Ga)Sb, as well as nitride, arsenide 
and antimonide quaternary III-V alloys. 

Summary 

[0012] According to embodiments of the present invention, a semiconductor 
device includes a semiconductor substrate, a first oxide layer on the semiconductor 
substrate including an element from the semiconductor substrate, and a second oxide 
layer on the first oxide layer opposite the semiconductor substrate. The second oxide 
layer includes a stoichiometric, single-phase complex oxide represented by the 
formula: 

A h BjO k , or equivalents (A m O„) a (B q O r ) b 

in which the elemental oxide components, (A m O n ) and (B q O r ) are combined so 
that h = j or, equivalents ma = bq, and a, b, h, j, k, m, n, q and r are non-zero 
integers; and 

wherein: 

A is an element of the lanthanide rare earth elements of the periodic table or 
the trivalent elements from cerium to lutetium; and 

B is an element of the transition metal elements of groups niB, IVB or VB of 
the periodic table. 

[0013J The second oxide layer may have a thickness of less than 1 5 nm, a band 
gap of greater than about 5.5 eV, a conduction band offset energy of greater than 1 .5 
eV, and/or an equivalent oxide thickness (EOT) of about 0.5 to about 1 .6 nm. In 
certain embodiments, B is an element with 3d, 4d or 5d electrons available for 
bonding to oxygen and A is an element in which one 5d electron is available for 
bonding. B may be scandium, titanium, tantalum or niobium. A may be trivalent 
gadolinum, praseodynium or lutetium. A can be cerium, nedoymnium, promethium 
samarium, europium, terbium, dysprosium, holmium, erbium, thulium, or ytterbium 
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[0014] The first oxide layer can include a nitrided silicon dioxide and/or may 
contribute less than about 0.5 nm of oxide-equivalent capacitance to said field effect 
transistor. 

[0015] Devices according to embodiments of the present invention include a field 
effect transistor, a photovoltaic device, and/or a high electron mobility transistor. 
[0016] According to further embodiments of the present invention, methods of 
forming a semiconductor device include providing a semiconductor substrate and 
forming a first oxide layer on the semiconductor substrate. A second oxide layer is 
formed on the first oxide layer opposite the semiconductor substrate. The second 
oxide layer comprising a stoichiometric, single-phase, complex oxide represented by 
the formula described above. 

[0017] Methods according to embodiments of the present invention can include 
exposing the substrate to one or more gaseous sources comprising elements A, B, and 
oxygen such that one or more gaseous sources react to form the second oxide layer. 
The one or more gaseous sources can include an amount of oxygen sufficient to 
substantially oxidize elements A and B. 

[0018] The second oxide layer can be formed by a remote plasma-enhanced 
chemical vapor deposition process. A gaseous source comprising oxygen and a rare- 
gas element can be exposed to radio-frequency plasma-excitation or microwave 
frequency plasma-excitation. The gaseous source comprising oxygen and a rare-gas 
element can be combined with a gaseous source comprising element A and element B. 
The substrate can be exposed to the combined gaseous source. The second oxide 
layer can be formed by an atomic layer absorption process. 

Brief Descriptio n of the Drawing s 

[0019] Figure 1 is an electronic structure diagram of band edge electronic states in 
Si0 2 , which may be representative of network non-crystalline dielectrics, and a thin 
film transition metal or rare earth oxide, which may be representative of a large class 
of high-i: elemental oxide dielectrics; 

[0020] Figure 2 is a graph of the band gap and conduction band offset energy 
scaling for transition metal oxides as a function of the energy of their atomic highest 
occupied atomic d-state in the s 2 d n ' 2 configuration; 
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[0021] Figures 3a and 3b are cross sectional side views of a field effect transistor 
comprising a thin film oxide gate insulating layer according to embodiments of the 
present invention; 

[0022] Figures 4a and 4b are cross sectional side views of a photovoltaic device 
comprising a thin film oxide passivation layer according to embodiments of the 
present invention; 

[0023] Figures 5a and 5b are cross sectional side views of a high electron 
mobility transistor comprising a thin film oxide passivation layer according to 
embodiments of the present invention; 

[0024] Figures 6a to 6d are schematic illustrations of local bonding arrangements 
of the constituent atoms, including band edge electronic structures: Figure 6a 
illustrates silicon and aluminum oxides, SiO* and A1 2 0 3 , respectively; Figure 6b 
illustrates elemental transition metal or lanthanide rare earth oxides; Figure 6c 
illustrates Tm or Re silicate or aluminate alloys, and Figure 6d illustrates complex 
oxides; and 

[0025] Figure 7 is a schematic comparison of the band edge electronic structure 
non-crystalline Tm or Re elemental oxides and non-crystalline complex oxides 
according to embodiments of the present invention. 

Detailed Description of Kia bodimants nf the Invention 
[0026] The present invention now will be described more fully hereinafter with 
reference to the accompanying drawings and examples, in which embodiments of the 
invention are shown. This invention may, however, be embodied in many different 
forms and should not be construed as limited to the embodiments set forth herein 
Rather, these embodiments are provided so that this disclosure will be thorough and 
complete, and will fully convey the scope of the invention to those skilled in the art 
In the drawings, the thickness of layers and regions are exaggerated for clarity Like 
numbers refer to like elements throughout. It will also be understood that when a 
layer is referred to as being "on" another layer or substrate, it can be directly on the 
other layer or substrate, or intervening layers may also be present. 
[0027] According to embodiments of the present invention, oxides are provided 
that may be represented by the formula (I): 



(AmCOaCBqOOb or equivalently AhBjOk, 



CD 
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in which the elemental oxide components, A m O„ and B q O r , are combined so that h = j 
or, equivalent^ ma = bq. The variables a, b, h, j, k, m, n, q and r are non-zero 
integers, and A is a lanthanide rare earth atom and B is a first, second or third row 
transition metal from group mB, IVB or VB, respectively. Oxides according to 
embodiments of the present invention include stoichiometric, single-phase, complex 
oxides according to formula (I). It should be understood that (A m O n)a (B q O,)b or 
A h B j0lc are equivalent representations of stoichiometric formulations according to 
embodiments of the present invention and may be used interchangeably. 
[0028] As used herein, the lanthanide rare earth series is defined as it is in FA. 
Cotton and G. Wilkenson, Advanced Inorganic Chemistry, A Comprehensive Text, 
3rd Edition, (Interscience Publishers, New York, 1972), from Ce atomic number 58 
with one 4f electron, to Lu, atomic number 71 with a complete shell often 4f 
electrons. Accordingly, group IBB elements are in order of increasing atomic number 
Sc (atomic number 21), Y (atomic number 39), and La (atomic number 57). 
[0029] Referring to formula (I) and without wishing to be bound by theory, atoms 
A and B may have different respective atomic d-state energies in the s 2 d"- 2 
configuration identified above. Examples of thin film complex oxides that are 
described by formula (I) include, GdSc0 3 , Dy 2 Ti 2 0 7 , SmNb0 8 , where Gd, Dy, and 
Sm are the A atoms are from the lanthanide rare earth group, and Sc, Ti and Nb are 
first row transition atoms from groups IBB, IVB and VB, respectively. Accordingly 
bonding arrangements may be specified at the atomic scale in stoichiometric thin film 
complex oxides according to formula (I). 

[0030] Oxides according to formula (I) may exhibit improved features with respect 
to the following exemplary characteristics: i) electronic and optical band gaps ii) 
conduction band offset energies with respect to semiconductors, including Si, Si, Ge 
alloys, Ge, as well as compound semiconductors including SiC, GaN, (Al Ga)N 
GaAs, (Al,Ga)As, (In,Ga)As, GaSb, (Al,Ga)Sb, (In,Ga)Sb and the like, al well' 
mtride, arsenide and antimonide quaternary BI-V alloys, and/or iii) static dielectric 
constants. Separate and independent control of these features may be accomplished 
for example, through materials engineering at the atomic scale, and, in particular' 
through the interactions between the atomic d-states of the respective transition metal 
and rare earth atoms through bonding to a common bridging oxygen atom of the 
mtnnsic microscopic bonding structures of the thin film, stoichiometric complex 
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oxides described herein. Thin film, stoichiometric complex oxides according to 
formula (I) may be integrated into metal-oxide-sennconductor (MOS) devices and can 
provide improved performance as compared to their constituent elemental oxides 
and/or pseudo-binary alloys of their constituent oxides with network forming oxides 
such as non-crystalline Si0 2 , A1 2 0 3 and the like. The complex oxides according to 
formula (I) can also provide surface passivation layers for photovoltaic devices and/or 
buried channel high electron mobility transistors (HEMTs). 

[0031] Complex oxides, including group MB oxides such Y 2 0 3 and La 2 0 3 in 
combination with lanthanide rare earth oxides such as Gd 2 0 3 and the like, may have 
different, potentially advantageous, properties when compared to their constituent 
elemental oxides. The complex oxides can be less hydroscopic in combination than 
then- respective constituent oxides, which can result in advantages in processing 
complexity. This may be achieved while maintaining large band gaps, e^, greater 
than about 5.5 eV and large conduction band offset energies, e^, greater than 1.5 eV. 
[0032] According to embodiments of the present invention, thin film oxides 
according to formula (I) are provided as passivation or active layers in various 
electronic, photoelectronic, and/or microelectronic devices. For example, thin film 
oxides according to formula (D may be used as gate dielectrics that are a constituent 
of imcroelectronic devices such as insulating gate field effect transistors (IGFETs) 
that include crystalline, polycrystalline, and amorphous fnon-crvstalin^ 
semiconductors. In still further embodiments according to the present invention thin 
film surface passivation layer dielectric materials are provided for other devices 
including photovoltaic devices, such as radiation detectors and solar energy 
converters, and buried channel field effect transistors, such as HEMTs. Thin film 
dielectrics according to embodiments of the present invention may be generally less 
than 15 run thick, and may be non-crystalline. As used herein, "non-crystalline" and 
"amorphous" are used interchangeably to refer to substances in which the atoms do 
not generally exhibit crystallinity on any size scale, for example, as determined by 
conventional x-ray, electron or neutron diffraction, and electron imaging techniques 
including, but not limited to high resolution transmission electron micrographs in ' 
either the bright or dark field measurement configurations, or alternatively, and in 
both bright and dark field images of the same portion of the dielectric film 
Moreover, high resolution analytical techniques that are incorporated in the scanning 
transmission electron microscopes can be used to establish the single-phase nature of 



10 



WO 2005/004198 

PCT/US2004/018863 

dielectrics. 

[00331 la some embodiments according * ft. preseM ^ ^ 

accordmg to fonnula m may „ fa ^ ^ ^ ^ 

tnsulatiag la y ers having Mgh dielecWc coMtaiits ^ ^ fi]m oxite 
allow for field effect transistors employing me same ,„ possess gate capacitance £ 
excess of what may be aenieved with conventional insnlatmg layers and with reduoed 
dueo, tunneling current As an example, me diree, tunnehng currents may be 
reduced by one order of magnitode, two to three orders of magnimde, or more, such 
as from levels in exeess of 1 A/em 2 for an EOT of approximately 0.5 to 1 6 nm 
[0034] Thin film dielectrics inelnding oxides according to fonnula (I) may be 
provided wim high band gaps W , ^ ^ ^ 5 eV ^ large ^ ^ 
offset energies in comparison to conventional semicondnetor materiala such as 
crystalhne silicon, e*. greater than at least about 1 eV or about 1 .5 eV and above , 
Dtelectnc materials according to Formula (I) may be used in i) metal-oxide 
^conductor field-effect transistors (MOSFETs) or Si IGFETs, as weU as ii) thin 
film .transistors (TFTs), which include IGFETs in which all of the constituent ,ayers 
are formed by min film deposition techniques. Gate dielectiics according to formula 
(D for stitcon MOSFETs may have significant* higher dielectric constant (K) man 
non-crystalline (or, equivalent* amorphous) SiO ! (K-i.9) to enable the gate 
dmlectiic to reach an election, equivalent of an SiO, layer, genendly designated as 
the equivalent oxide thickness or EOT, wim a physical thickness, ,„„ of ,ess man 
about 10 A with a substantially thicker film in which the physical thickness is 
mcreased by the dielectric constant ratio (See The Internationa. Technology Roadmap 
forSenuconductors: 1999 (Semiconductor Industiy Association, San Joso CA 
1999), pp. 105-141. and G.D. Wi.k, R.M. Wallace, and J.M. Anthony, "High KGato 
Dtelectncs.- Current Status and Materials Properties Considerations," J. Appl Phvs 
89(2001)5243-5275.) Moreover, gam dielectrics may be provided having,' 
relatively .arge band gap of about 4 election volts (eV), about 5eV or more, and large 
tad ofise, energies wim respect to the conduction and valence bands of Si, AE C and 
A£V, respective* a, leas. -1 eV or more man 1 .5 eV in order .o provide sufficiently 
low gate leakage. y 

[0035] The oxides according to formula (I) may be used in field effect transistors 
mcludmg isolating gam fie.d effect transistors (IGFETs), metal-oxide-semiconductor 
fie.d effect transistors (MOSFETs) and min film transistors (TFTs). For examp.e, the 
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gate insulating layers of such devices can include the thin oxides represented by the 
formula (I). 

[0036] Methods of fabricating devices described herein can include delivering 
gaseous sources comprising element A, gaseous sources comprising element B, and 
gaseous sources comprising oxygen on substrates such that the gaseous sources 
comprising element A, the gaseous sources comprising element B, and the gaseous 
sources comprising oxygen react to form the a desired complex oxide. The elements 
A and B are delivered in amounts necessary and sufficient for achieving chemical 
stoichiometry, e^ equal concentrations of A and B atoms in the resulting thin films 
The gaseous sources comprising oxygen can contain a sufficient amount of 
chemically active oxygen such that the elements A and B are completely oxidized 
For example, the delivery of the gases may be carried out as a deposition. Various 
gaseous sources comprising element A and gaseous sources comprising element B 
may be employed. Examples of gaseous sources comprising element A and gaseous 
sources comprising element B include, but are not limited to, alkoxide compounds 
organo-metallic compounds, inorganic compounds, and mixtures thereof The 
alkoxide compound may be selected from the group consisting of an ethoxide a 
propoxide, and a butoxide. Other gaseous sources comprising element A and gaseous 
sources comprising element B can be used, such as organo-metallic source gases 
including those that are capable of producing the desired binary oxides (e.g., 
diketonates) along with other organo-metallics that contain metal-oxygen bonds 
Other inorganic sources of elements A and B can be employed such as halides and 
nitrates. The gaseous sources comprising element A and/or element B can be derived 
through the evaporation of respective liquid sources comprising these elements 
particularly in embodiments in which the deposition involves aphysical deposition or 
a plasma chemical vapor deposition process. 

[0037] A number of sources of oxygen may be employed. Exemplary sources of 
oxygen include, but are not limited to, oxygen atoms, oxygen ions, oxygen 
metastables, oxygen molecular ions, oxygen molecular metastables, compound 
oxygen molecular ions, compound oxygen metastables, compound oxygen radicals 
and mixtures thereof Compounds that can be employed in the gaseous sources 
include, but are not limited to, 0 2 , N 2 0, and mixtures thereof. The formation of thin 
film complex oxides may take place in non-equilibrium chemical environments 
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[0038] The gaseous sources comprising element A, element B, and oxygen may 
further comprise other components such as, for example, inert gases (e.g., argon (Ar) 
helium (He), or other noble gases, as well as mixtures thereof). 
[0039] A number of deposition techniques can be used in forming thin film oxides 
Exemplary techniques include, but are not limited to, a laser-assisted chemical vapor 
deposition, a direct or remote plasma assisted chemical vapor deposition, a electron 
cyclotron resonance chemical vapor deposition, a reactive physical vapor deposition 
and an atomic layer deposition. For example, a remote plasma assisted chemical 
deposition (REPCVD) can be employed. Various reactive physical vapor depositions 
can be used such as, for example, a Inermal evaporation, an electron beam 
evaporation, a parallel plate radio frequency (rf) sputtering, a direct current (dc) 
sputtering, a radio frequency (rf) magnetron sputtering, and a direct current (dc) 
magnetron sputtering. A reactive physical vapor deposition may also occur in the 
form of an atomic layer absorption process. 

[0040] Fabrication of thin films according to embodiments of the invention may be 
carried out under any number of temperature and pressure conditions. Various 
fabrication steps may be carried out at a temperature from about 250°C to about 
400°C and or at pressure conditions from about 200 milli-Torr to about 500 milli- 
Torr. 

[0041] Conventional equipment may be used to fabricate complex oxides, 
including, for example, a suitable reactor (e.g., reaction chamber or vessel). For 
example, alkoxide liquids comprising elements A and B may be injected into areactor 
downstream from a remote radio-frequency excited plasma. The alkoxides may be 
liquids at room temperature, but at the temperature range employed in the reactor 
have sufficient levels of vapor to be transported into the reactor. A microwave 
plasma may be employed, if desired. 

[0042] The gaseous source comprising oxygen may be plasma-excited, e^ by 
being subjected to a radio-frequency or microwave-frequency source. The gaseous 
source comprising oxygen may be present in combination with an inert gas such as, 
for example, a rare gas such as, but not limited to, helium (He) or argon (Ar). The ' 
gaseous source comprising oxygen may be injected into the reactor at a high flow rate 
(e.g., 200 standard cubic centimeter per second (SCCM) through a tube with an inside 
dxameter of about one inch) through a plasma tube at a location upstream relative to 
where the gaseous source comprising element A and the gaseous source comprising 



13 



WO 2005/004198 „^„_ 

PCT/US2004/018863 

element B are injected into the reactor. The above injection configuration is believed 
to be potentially advantageous since it may minimize back-streaming of the gaseous 
sources comprising element A and the gaseous sources comprising element B. See 
e.g., G. Lucovsky, IBM J. of Res. andDevel. 43, 301 (1999). 

[0043] Other techniques can be employed to provide for the deposition of the thin 
film comples oxide materials in a highly oxidizing environment. Exemplary 
techniques include, but are not limited to, embodiments involving plasma deposition 
such as direct plasma deposition in conventional parallel plate reactors, triode plasma 
deposition, electron-cyclotron-resonance plasma deposition, laser-assisted deposition 
and reactive physical vapor deposition using ozone, plasma-excited oxygen, or laser-' 
excited oxygen. 

[0044] Depending on the particular application, thin film dielectrics may be 
deposited onto either i) insulating substrates such as bulk fused silica and crystalline 
aluminum oxide (sapphire), ii) semiconductor substrates such as and not limited to Si, 
Ge, (Si,Ge) alloy, SiC, GaN, GaAs, GaSb, InP and other group III-V ternary and 
quaternary alloy substrates, ZnS, ZnSe, CdTe and group II-VI ternary and quaternary 
substrates, iii) semiconductor substrates with thin dielectric layers, including, but not 
restricted to Si with (a) nitrided Si0 2 , and (b) non-crystalline La aluminate, and (b) 
GaN and (Ga,Al)N and the like with GaO x or A10 x , x ~ 1.5, and iv) metallic 
substrates including ordinary metals such as Al and the like, transition metals and , 
earths, including Ti, Ta, Mn, Fe, Co, and Ni, and lanthanide rare earth metals, 
including Gd, Nd and the like. 

[0045] The depositions of the complex oxides may be performed in ultra-high- 
vacuum compatible multi-chamber systems equipped with conventional substrate 
introduction load locks, and the like, but the can also be performed in reactors that 
incorporate sufficient purging, and gas flow dynamics to prevent chemical 
contamination of films or substrates. Specific vacuum compatible deposition 
techniques include: i) chemical vapor deposition from organo-metallic, halide or 
hydride transition metal and rare earth precursor molecules in the presence of strong 
oxidizing agents such as oxygen atoms, ozone, or other oxide molecules that are 
known sources of oxygen, such as, and not limited to nitrous oxide, N z O and nitric 
oxide, NO, ii) plasma or photo-assisted chemical vapor deposition using the same 
transition metal, rare earth and oxygen atom precursor species as for chemical vapor 
deposition, iii) reactive physical vapor deposition from elemental or compound 
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sources, iv) magnetron or parallel p.a,e reactive sputtering from element or 
compound targets in an ambient that leads to formation ofatoiehiome.no complex 
oxtdes, v) atomic .ayer deposition using precursor and oxidizing cycles ma, leads «o 
lotmation of stoichiometric complex oxides. 

(0046) Oxides represented by formula (!) may be used as dielectric material in 
tn.egm.ed circuit devices, including very large scale integration (VLSI) devices 
mcludmg Insulated Gate Field Effect Transistors (IGFET), also referred ,o as 
MOSFET or CMOS device, As an example, fl e!d effect transistors may be provided 
mcludmg gate insulators comprising non-crystelline oxides represented by the 
formula (I). ' ' 

[0047J For the purposes of illustration, embodiments describing field effect 
transistors are set form in Figures 3a and b. A field effect transit 10 according to 
embothments of the present invention is se, forth in Figure 3a. The field effeo, 
tranststor 1» comprises an integrated circuit substrate 20 having a surface 25. Source 
and dram regrons 30 and 40 respectively are present in Ore substrate 20 a. Ore surface 
25 » a spaced apart relationship. A gate Insulating layer 50 is present on tire substiate 
20 a, tire surface 25 between the spaced apart source and drain regions, 30 and 40 
respectively. The gate insulating layer 50 comprises tire non-crystalline oxide 
repented by tire formula (I) se, form herein. Source, drain, and gate contacts (60, 
70, and 00 respectively) are also present and contact source and drain regions 3. and . 
40 and the gate insulating layer 50. 

(0048] A number of materials can be employed in the integrated circuit substiate 
«he selection of which are known by those skilled in tire art As an example the 
substiate may comprise a materia, selected from the group consisting of a Group „I-V 
ternary alloy, a Group Ifl-V quaternary alloy, a Group m-nhride alloy, and 
combinations thereof. Examples of Group IH-V tentary alloys include, bu, are no. 
totted ,o, (Ga,Al)As, (In,Ga)As, and combinations thereof. An example of a Group 
m-V quaternary alloy includes, bu. is no, limited to, (Ga > In)(As,P). Examples of 

^ZZTl ^ ~ HBtod ^ «W (AUn)N, 

(Ga,Al,In)N, and combinations .hereof. Quaternary alloys of tire above may also be 

employed. Additionally, group Iff-V antimonides, such as GaSb, ni-V ternary 

antimonide alloys, (Al,Ga)Sb, Cn,Ga)Sb, and m-V quaternary alloys, (In,Al,Ga)Sb 

a* also mchtded in MOSFET device substiates containing tire channel region of the 
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[0049] Other examples of materials that may be employed in the integrated circuit 
substrate include, but are not limited to, silicon (Si), germanium (Ge), silicon carbide 
(SiC), gallium nitride (GaN), gallium arsenide (GaAs), as well as other compounds 
from Groups HI and V. Combinations thereof may also be employed. 
[0050] The integrated circuit substrate may encompass a number of specific 
substrates that are employed in devices of this type. One example of a substrate is a 
semiconductor-on-insulator (SOI) substrate. 

[0051] The source, drain, and gate contacts may include those that are 
conventionally known in the art. As an example, the gate contact may be formed 
from polysilicon and/or metal materials. 

[0052] The field effect transistor may also include other layers of materials For 
example, in some embodiments (not shown), the field effect transistor may include an 
mterfacial layer positioned between the substrate and the gate insulating layer The 
mterfacial layer may include an oxide, such as an oxide including an element from the 
senuconductor substrate. For example, the substrate may include Si or SiC and 
consequently, the interfacial layer may include silicon dioxide (Si0 2 ). Other 
insulating materials may be employed. Other interfacial layers such as those 
comprising gallium oxide (Ga0 3 ), aluminum oxide (A1 2 0 3 ), or alloys thereof, may be 
used wnh compounds from Groups III and V along with their alloys. The use of the 
mterfacial layer may be advantageous in electron-channel (n-channel) FETs and hole- 
channel (p-channel) FETs. The interfacial layer may contribute less than 0 5 nm of 
oxide-equivalent capacitance to the field effect transistor. In general, the use of an 
interfacial layer is believed to be advantageous in that it may: (1) prevent or 
minimize further oxidation of the silicon substrate during film deposition in highly 
oxKhznag environments, (2) prevent or minimize formation of silicide bonds during 
the tmtial stages of deposition of the non-crystalline oxide materials, particularly with 
respect to, for example, the formation of Ta-Si bonds during the deposition of 
AlTa0 4 . 

[0053] Referring now to Figure 3b, an additional layer 55 is depicted between the 
gate insulating layer 50 and the integrated circuit substrate 20 in field effecttransistor 
10. As shown in Figure 3b, the additional layer is approximately one layer of 
mterfacial bonding that includes approximately one Si-N bond per silicon substrate 
atom. 
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[0054] The field effect transistor described herein may be fabricated by methods 
known to a person skilled in the art. For example, a gate insulating layer may be 
formed by depositing a non-crystalline oxide on the substrate of the field effect 
transistor by employing an appropriate technique including, but not limited to, those 
described herein. An interfacial layer may be formed on a substrate of the field effect 
transistor by a suitable process such as, but not limited to, remote plasma-assisted 
oxidation, low pressure thermal oxidation, chemical oxidation, or photo-assisted 
oxidation. Thereafter, the gate insulating layer is formed by depositing the non- 
crystalline oxide material on the interfacial layer in the same deposition chamber used 
to form the interfacial layer. Alternatively, an in-line system with substrate transfer in 
either a high vacuum or inert environment can be used, in which chemical reactions 
with the interfacial layer may be minimized or prevented. 

[0055] As described herein, in various embodiments, the non-crystalline oxides 
may be employed in field effect transistors as thin gate insulating layers having high 
dielectric constants. Advantageously, the non-crystalline oxides potentially allow for 
field effect transistors employing the same to possess gate capacitance in excess of 
what may possibly be achieved with conventional insulating layers with significantly 
reduced direct tunneling currents. As an example, the direct tunneling currents may 
be reduced from levels in excess of 1 A/cm 2 . 

[0056] Figure 4a illustrates a photovoltaic device 150 having a p-type 
semiconductor layer ohmic contact 102, a p-type layer 101, an n-type layer 100, a 
dielectric film surface passivation layer 104, a second dielectric layer 105 and ohmic 
contacts 103. A thin film stoichiometric oxide, such as an oxide according to the 
formula (I), is used as a surface passivation layer 104. The surface passivation layer 

104 can reduce loss of photo-generated carriers in the n-type semiconductor layer 100 
of the device 150. The surface passivation layer 104 and the second dielectric layer 

105 can together form an anti-reflection coating. Dielectric thin films, such as oxides 
according to the formula (I), used as the surface passivation layer 104 may have a 
positive fixed charge at the interface between the n-type layer 100 and the surface 
passivation layer 104. This may produce a surface potential at the interface that can 
reduce recombination of photo-generated holes. Using the device 150 as a radiation 
detector under reverse bias (Le, with a positive bias applied to the n-layer 100 
through the ohmic contact 103, and the p-layer 101 maintained at ground potential 
through the p-type semiconductor layer ohmic contact 102) it may be necessary to 
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have holes genemted by absorption of electromagnetic radiation in tire infer red 
vrsrble or near utea-viote. regions of the spectium be tinnsmtoed into fee p-.ayer 10! 
and subsequently contiibute to a short eircui. eurrent in the reverse bias mode The 
device ISO can also be operated an open cimui, voltage or fee photo-diode detector 
mode when fee ohmie eontae, 103 is connected to ground ferough a high impedance 
res.st.ve load, or a power transfer mode when the impedance of fee device 150 is 
matched ,„ fee !oad resistor and no additional bias is appUed. As shown in Figure 4a 
the passivation layer 104 can also serve as anti-reflection film through fee 
mcorporation of second dielectric 10S, such as Si 3 N 4 or SiOa, and fee like The 
second dielectric 105 can be thicker than fee passivation layer 104, and fee thickness 
may be tuned to a wavelength fea, is within fee absorption band of fee semiconductor 
matenals that comprise n-type layer 100 and p-type layer 101, as for example Si 
(S.,Ge), Ge, SiC, GaAs, (Al,Ga)As, GaN, (In,Oa)N and fee like 
[0057] As illustrated in Figure 4b, a third dielectric layer 106 has been added 
between fee surface passivation layer 104 and fee second dielectric layer 105, which 
are on p-type layer 110 and n-type !ayer 111. The conductivity types of layers 100 
and 101 in Figure 4a and layers 110 and 111 in Figure 4b may be reversed so fea. 
fee layers are complementary, ^ such fea, one is doped n-type and fee outer is 
doped p-type. The various dielectric layers, including fee dielectric film surface 
passivation layer 104, fee second dielectric layer ,05, and/or fee third dielectric layer 
106, can be fein film, stoichiometry, single-phase dielectrics, such as oxides of 
formula a). Such dielectric materials generally have positive fixed charge If fee 
conductivity types are as shown in Figure 4b (Le, p-type semiconductor layer 110 
and n-type semiconductor layer 111), then fee third dielectric layer 106 may be 
mserted between fee dieleotiic surface passivation layer ,04 and fee second dielectiic 
layer 105. If fee third dielectric .ayer 106 is A1 2 0 3 , and an alloy of AI2O3 wife SiO, 
then .. may have negative fixed charge at fee internal interface between fee dielectric 
surface passivation layer 104 and fee third dielectric 106. This configuration may 
reduce election recombination at toe surface of p-type semiconductor layer 110 and 
can unprove device perfonnance in any one the three modes of operation described 
above. Moreover, fee relative thicknesses of fee dielectric .ayers including fee 
drelectric surface passivation layer 104, fee second passivation layer 105 and fee third 
pass.va.ion layer 106 can be adjusted so fea. in combination feey serve as anti- 
reflection coating wife respect .0 a wave.engto of eleotromagnetic radiation fea, is 
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consistent with a desired functionality of the device ISO. Tie selection of relative 
thtcknesses can be achieved through method* known to those of skill in the art 
[00581 A high electron mobility transistor or HEMT device 250 is shown in 
Figure 5a. The HEMT device 250 includes a substrate 203. Various layers of Ore 
HEMT device 250 are formed on the substrate 203, including a curried channel 
sennconducter layer 202, a wide band gap semiconductor confinement layer 201 a 
second wide band gap semiconductor confinement layer 203, an n-type source 208 an 
n-type drain 211, a gate electtode 205, a source electiode 207, and a drain electrode 
210. An ohmic contact 209 to the substrate 203 and an ohmlc contact 206 to the gate 
e ectrode 205 are provided. A passivation layer 204 between the n-type drain 211 and 
fire gate electrode 205 and a!so between the n-type source 208 and the gate electrode 
205 is provded. The passivation layer 204 can comprise a dielectric material, such as 
matenals according to the formula (I). The passivation layer 204 can be a thin film 
stoichiometric, single-phase complex oxides. 

[0059) In operation, a positive bias can be applied to the gate electrode 205 
through the ohmic comae. 206, and the source contact 207 can be held a. ground 
potential through the source electrode 207, which is likewise greunded A drain 
contact can be held a. a positive potential through application of positive drain bias 
voltage to the drain electrode 210. The passivation layer 204 can suppress 
recombination of elections at the respective portions of surface of the wide band gap 
semiconductor confinement layer 201, denoted as 201. and 201b, between the source 
208 and the drain 211, and the gate electrode 205. 

[0060J The semiconductor substrate 203, the wide band gap semiconductor 
confinement layer 201, the buried channel semiconductor layer 202, and certain other 
layers shown in Figure 5a can be made of various materials, the selection of which is 
known to arose of skill in the ar. For example, tire substiate 203 and wide band gap 
senuconductor confinement layer 201 may be doped n-type Si, and the buried channel 
semtconductor layer 202 can be an undoped Si,Ge alloy layer. Moreover, the source 
contact 208 and the drain contact 21, may be heavily doped, e^> 10 " m * 
Si. Jr 

[0061] Alternatively, the semiconductor substrate 203 and wide band gap 
— doctor confinement layer 201 may be dopeo n-type (ln,Ga)As or other group 
m-V aHoy semiconductors tha, can lattico-matehed to an InP substiate, and me buried 
channel semrconductor layer 202 can be an undoped On,Ga)As alloy layer with 
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approximately 20 percent InAs content. The source contact 208 and the drain contact 
211 may be a heavily doped (>10 19 cm" 3 ) n-type (In,Ga)As alloy. 
[0062] As another example, the semiconductor substrate 203 in contact with the 
buried channel semiconductor layer 202 and the wide band gap semiconductor 
confinement layer 201 may comprise a doped n-type (In,Ga)As alloy or other alloy 
semiconductors that are lattice matched to an InP substrate. The curried channel 
semiconductor layer 202 can be an undoped (In,Ga)As alloy layer with approximately 
20 percent InAs content. The source contact 208 and the drain contact 211 can be 
heavily doped (>10» cm 3 ) n-type (In,Ga)As. The substrate 203 may also included an 
additional semiconductor layer (not shown), such as heavily doped InP that may be in 
contact with both the doped (In,Ga)As portion of 203, and the substrate layer ohmic 
contact 209. 

[0063] In stiU another example, the semiconductor substrate 203 and the wide 
band gap semiconductor confinement layer 201 can be a doped n-type (Al,Ga)N alloy, 
and the buried channel semiconductor layer 202 can be an undoped (Al,Ga)N alloy or' 
GaN. The source contact 208 and the drain contacts 211 can be heavily doped (>10 19 
cm" 3 ) n-type (Al,Ga)N. The substrate 203 may be a composite layer in which a 
portion of the substrate 203 adjacent the buried channel semiconductor layer 202 is 
doped n-type (Al,Ga)N, and a portion of the substrate layer 203 adjacent the substrate 
ohmic contact 209 is a single or composite semiconductor layer such as GaN or SiC 
or a combination thereof. Alternatively, the portion of the substrate layer adjacent the 
substrate ohmic contact 209 may include an insulating substrate such as single crystal 
sapphire, e.g,, A1 2 0 3 . 

[0064] Referring to Figure 5b, the device 250 further includes a second dielectric 
layer 212 that is placed between the passivation layer 204 and the gate electrode 205 
and a portion of the side band gap semiconductor confinement layer 201. The second 
dielectric layer can be a dielectric material according to formula (I), or a stacked 
semiconductor layer comprising either thermally grown, or plasma oxidized native 
oxide such as silicon oxide, gallium oxide or aluminum oxide according, the 
selections of which are known to those skilled in the art. 

[0065] HEMT devices according to embodiments of the present invention may 
include addition semiconductor layers for improved operation, and/or as may be 
required for epitaxial growth of the channel structures. The integration of and 
functionality of these passivation layers may be used in devices described with respect 
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to the examples discussed herein. Additional passivation layers may be fabricated 
from other generic families of m-V semiconductors including antimonides such as 
GaSb, m-V ternary antimonide alloys, (Al,Ga)Sb, (In,Ga)Sb, and III-V quaternary 
alloys, (In,Al,Ga)Sb and the like. 

[0066] As discussed above, the thin film, stoichiometric, single-phase complex 
oxules, such as oxides described by formula (I), may have applications that include 
gate chelectrics and passivation layers for electronic and photonic devices as described 
herem. Oxide films may be provided that are generally thinner than 15 nm The 
thickness of a film can be determined from cross section transmission electron 
micrographs or by spectroscopic techniques such as thin film interference and 
spectroscopic or single wave length ellipsometry. Other methods may also be 
applied. Single-phase, thin film complex oxides may be provided that can be either 
non-crystalline (as determined by conventional x-ray or electron diffraction methods 
mcluding bright field-dark field imaging, or alternatively nano- or micro-crystalline ' 
according to conventional diffraction methods indicated above, but also including 
other methods such as extend x-ray absorption fine structure spectroscopy or 
EXAFS). 

[0067] With reference to formula (I) and as discussed above, A is a lanthanide rare 
earth atom and B is a first, second or third row transition metal from group HIB IVB 
or VB, respectively, that are bound to a common oxygen atom. Atoms A and B 
generally have different atomic d-state energies in the s 2 d- configuration. Without 
wishing to be bound by theory, the limitation for a specific type of stoichiometry 
such as defined in formula (I), may result in coupling of both constituent atom 
atonnc-d states through bonding to a common oxygen atom. The limitation may also 
exclude other possible bonding arrangements in which equal numbers of atoms of a 
grven class, lanthanide rare earth or transition metal, are connected through a common 
oxygen atom. As one example, this may be achieved in chemically-ordered oxides 
winch include equal concentrations of these two metal atom constituents, the' 
transition metal and lanthanide rare earth atoms, and in which the oxygen atom 
coordination is effectively even in character, e^ four, six or eight, or a mixture 
thereof, and allowing for small differences in nearest neighbor inter-atomic bond 
length that may be associated with the film morphology, non-crystalline, or micro- or 
nano-crystalhne. Other bonding arrangements that involve bonding between oxygen 
atoms and the transition metal and lanthanide rare earth atoms are possible 
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[0068] Once again without wishing to be bound by theory, a comparison between 
mm film stoichiometric complex oxides according to formula (I) and other high-* 
dielectrics may be made with reference to the electronic structures illustrated in 
Figures 6a to 6d. Figure 6a is a schematic illustration of the basic element of local 
bonding, and the resultant band edge electronic structure in Si0 2 . Similar bonding 
prevaxls in A1 2 0 3 as well. As shown in Figure 6a, the electronic structures consist of 
local arrangements in which Si and Al atoms, respectively, are connected as next- 
nearest bonding neighbors through a common oxygen atom. The electronic structure 
diagram indicates the chemical and symmetry character of the highest lying state in 
the valence band that determines, for example, the valence band offset energy 
difference with respect to crystalline Si, or to another semiconductor. This state is 
pure oxygen atom 2p non-bonding state with * symmetry. The lowest conduction 
band state is an anti-bonding silicon atom 3s*-state with o-bonding character 
[0069] Figure 6b schematically illustrates the basic element of local bonding and 
the resultant band edge electronic structure, in transition metal and lanthanide rare 
earth elemental oxides, e.g., the transition metal oxides Y 2 0 3 , ZrO. and Nb 2 0 3 , and 
the rare earth lanthanide trivalent oxides including, as an example, Gd 2 0 3 . The 
corresponding local bonding group includes transition metal or lanthanide rare earth 
atoms, denoted as Tm/Re as next nearest neighbors bonded to the same oxygen atom 
[0070] The highest lying states of the valence band are depicted in Figure 6c 
which is a schematic illustration of the basic element of local bonding, and the ' 
resultant band edge electronic structure in transition metal (lanthanide rare earth) 
silicate and aluminate alloys in the low concentration alloy range. For these alloys 
there are three types of local bonding, denoted schematically as Si-0-Tm(Re) Si-O-Si 
and Tm(Re)-0-Tm(Re). The bonding arrangements vary with alloy content, and 
assuming chemically-ordered bonding at the compound silicate phase with the highest 
Si0 2 concentrations corresponding to as examples, (TmO 2 ) 0 . 5 (SiO 2 ) 0 5 for group TVB 
Tm silicates where Tm = Zr and Hf, and (Tm 2 O 3 ) 0 . 33 (SiO 2 ) 0 , 7 for group Tm (and also 
for trivalent lanthanide Re) silicates, in the concentration range from Si0 2 to these 
compositions there are Si-O-Si and Si-O-Tm. For this alloy regime, which may be of 
interest for technology applications where Hf silicates are the materials of choice the 
lowest conduction band states have been shown to be at the same energy relative to 
the conduction band of silicon as for Hf0 2 as represented schematically in a 
comparison between Figures 6a to 6c. 
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[0071] Figure 6d is a schematic illustration of the basic element of local bonding 
and the resultant electronic structure that may be present in the thin film, 
stoichiometric complex oxides according to formula (I). For this case, atomic d-states 
of the respective Re and Tm with the same bonding symmetry, either a or *, interact 
with each other through bonding to the same oxygen atom with a compatible bonding- 
symmetry, either a or according the symmetry of the d-states, respectively, a or n 
in bonding groups represented schematically by Re-O-Tm. The resulting valence 
band states immediately below the top of the valence band defined by the oxygen 2p 
non-bonding p states, are energies that are different from those of Tm-O-Tm and Re- 
O-Re and complementary conduction states, particularly the state that the defines the 
lowest band gap, and the conduction band offset energy with respect to Si and other 
semiconductors is different as well. 

[0072] Returning to Figures 6a to 6c, the band gaps and offset energies of the 
prior art gate dielectric and passivating oxides will now be discussed. The band gaps 
and band offset energies for the dielectrics of Figure 6a may result from bonding 
between atomic 3s and 3p states of Si or Al, and oxygen atom 2p states, and as such 
give rise to large band gaps (e^, greater than 8 eV), intermediate range dielectric 
constants fe*, between 3.9 (for Si0 2 ) to about 10-12), as well as relative large 
valence and conduction band offset energies (e^, greater than approximately 2 eV) 
The lowest conduction band states in Si0 2 may be predominantly 3s-like, whereas 
the lowest bonding states in A1 2 0 3 can include a larger mixing of 3p due to the 
increased bond ionicity, approximately 57% on the Pauling scale for A1 2 0 3 in contrast 
to ~4 5 o/o on the same scale for SiQ 2 . The dielectrics having electronic states such as 
those shown in Figure 6b span a wide range of band gaps, dielectric constants and 
band offset energies where, as noted herein, and shown in Figure 2, the band gap and 
band offset energies can scale with the highest occupied atomic d-state energies of the 
respective transition metal and lanthanide rare earth lanthanide atoms in the s 2 d"- 2 
configuration. There may also be an additional, but weaker scaling of the dielectric 
constant, K, with band gap; ^typically increases as the band gap decreases The 
situation for the silicate and aluminate alloys may be more complex, but understood 
for dielectrics of according to the diagram of Figure 6c. The band gaps scale with 
alloy composition, increasing as either the Si0 2 or A1 2 0 3 alloy fraction is increased 
but the conduction band offset energies in the alloys with respect to Si and other 
semiconductors may be determined solely by the atomic d-state energies of the 
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tradition or rare earth atoms in much the same way as they are in the respective 
transttton metal or rare earth elemental oxides. On the other hand, the valence band 
offset energies with respect to silicon and other semiconductors may be increased as 
the St02 or Al 2 03 content can be increased. 

[0073] Dielectrics according to the schematic diagram of Figure fid may be 
aualttatively and quantitatively different than dielectric materials according to the 
schematic diagrams of Figures 6a to fie. Because of d-stet. quantum mechanical 
wave function mixing through bonding of different transition metal and lanthanide 
rare earth atoms to a common oxygen atom, the valence band ,-bonding states may be 
changed in energy, resulting in increases in both the band gaps of these complex 
stoichiometric oxides and their conduction band offset energies with respect to silicon 
and other semiconductors. Choices of the different combinations of transition metal 
and rare earth atoms bonded to the same oxygen atom may effect the resulting 
properties of the materia.. For example, in general, the larger the difference in the 
atomrc d-states of these atoms the larger the increase in band with respect to the 
smaller band gap member of the pair. As a general example, the lanthanide rare earth 
atomtc 5d-state energies are nominally -5.6 to -6 eV with respect to vacuum- the 
lowest d-state energy if the -1 1 eV for the 3d state of Ti, with Nb and Ta Mowing 
close behind with respective energies of -10 eV and -9.6 eV. Taking the fid-state 
energy of an average lanthanide rate earth atom at -6.8 eV, the respective differences 
for a ReTi207 complex oxide, a ReNbCM complex oxide and a ReTa04 complex 
oxides may be respectively, about 4.2 eV, 3.2 eV and 2.8 eV. 
[0074) In some instances, the band gap shift can be estimated in context of a 
vtrtual crystal approximation such that the complex oxide displays properties that are 
a stmple, or weighted averages of the end member oxides. Based on the overlap 
mtegral differences, valence band states are a, intermediate energies with respect to 
the corresponding elemental oxides stetes, thereby increasing the energy of the lowest 
conduction band sate with respect to the transition metal oxide atom. An example of 
vtrtual crystal approximation scaling is illustrated by comparisons between OdScOa 
and ZrO,, where the onsets of strong absorption occur respectively at 5.8 and 5 7 eV 
demonstrating that that OdScOa with 5d atomic stetes for the lanthanide rare earth ' 
atom Gd, and 3d atomic states for the transition metal atom Sc, has a band gap 
characteristic of a 4d transition metel oxide with a 4d-state energy equal to the 
average of tire 3d- and 5d-stete energies of Sc and Gd, respectively. The average 
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CnerSy ta G<iSC03 " '° W—* °ne-half of the sum of -d 6 
approx.ma.ely equal «he atomic 4 d-stato energy of Zr, which is -8 13 eV 
[0075) The band edge electronic sducture of a dansition metal or rare earth 
elemental oxide and a complex oxide according to formnla (I), . ^ oxidc 
mclndmg a group MB .rarraidon me«al oxide snch as Sc203, and lanmanide gronp 
rare earth oxide snch as Gd 2 0 3 , is donated schematically in Figure 7. Specific 
espies of implex oxides identified by ronmda (X) tacIude , but „ no( ^ 
dun film ■) GdSc0 3 , DySc0 3 , SmSc0 3 , and other trivalent lanthanide ram earth 
oxtdes „ combinadon with me group ITB transition metal oxi 

2 « 7T! ^ ^ ^ "° ^ D *»°* - 

other drvalen. lanthanide rare earth oxides in combinadon with me group VB 

transition metal oxide Nb^, and iv) GdTaO,, DyTaO. SmTa0 4 and other divalent 

^thamde rare earth oxidea in combinadon with the gronp VB transition meta, oxide 

[007«] Various teste may be used to characterize thin film oxidea. One tea, 
mvolves Undying «he thin film sample by x-ray absorpdon spectroscopy, aomedmea 
a^Ued near edge x-ray abaorpdon fine snuchtre spectioscopy, either XAS, or 
NEXAFS, respechvely. The specific test mcludea a study of three different 
absmpdona which oceur in ,00 to dOO election vo„ range of x-ray energies. Mono- 
energetic or monochromatic beams of x-rays in dds energy range are readily avafiable 
a, aynchm^n Ugh. souraes at many different synchrotron sites _ 
Brookhaven Nadonal laboratory and S«anford Univeraity m me Uni«ed States and 
dteae measurements can he performed a. mese or simitar si.es. Tne tosta are described 
by a spectre example. However, i. should be understood that me tosta may be 
extended and/or comparisons or extrapoladona may be made to other comp.ex oxides 
For example comp.ex oxide is GdSc0 3 , me abandon spectrum can be plotted 
- nonnahzed ahsmpfion in arbidary units aa a function of the photon energy of me 
^rays m eV, for transitions fiom 1) spin orbi. sph. So 2p atomic statos to symmetiy 

1 1 TT at a threshold of ™— ly 400 ev - a > «* ™ 

0 "™ r " * ^ M atomi ° *" " * of approximatoly 

250 .v. m) fh oxygen atom K, edge wim a. a threshold energy of approximatoly 
530eV. Aspcctra. wmfh of interest for fhe So 2p tiansitions ctm be approximate* ,o 
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eV, for the Gd 4p transitions, or approximately 40 eV because of the larger spin orbit 
splitting, ~ 30 eV in Gd as compared to 4-5 eV in Sc, and -15 eV for the O K. edge. 
Two pairs of symmetry split transitions to 3d states may be observed for Sc, whereas 
these pairs of states may be evident, but not readily separable in the broadened 5d 
spectral features for Gd. As a result of the mixing, the complex oxide is expected to 
display evidence for no more than two d-states in the O K, edge, a narrower one with 
more 3d character, and a broader one with more 5d character, and at an energy 
separation of approximately 3.5 to 4 eV. The occurrence of four d-state features in an 
O K, spectrum, each mimicking what is observed in the oxygen K, spectrum of the 
respective constituent oxides, may indicate that the material is not a chemically- 
ordered, stoichiometric complex oxide. However, the occurrence of three d-state 
features in an O K, spectrum is indicative of atomic d-state mixing, but with different 
local symmetry conditions applying. 

[0077] In addition to having band gaps and conduction band offset energies that 
may be increased as compared to the respective transition metal oxides, Sc 2 0 3 , Ti0 2 
NbaOs and Ta 2 O s , oxides according to formula (I) may have relatively high values of 
K, e^ intermediate between those of the respective transition metal and rare earth 
elemental oxides, but generally closer in value to those of the transition metal oxides. 
[0078] Accordingly, various complex oxides may be provided that can have 
different properties compared with their elemental oxide constituents (e^ oxides 
formed from either A or B in formula (I)). For example, certain elemental oxides may 
be strongly hydrophilic, such as can be characteristic of the lanthanide rare earth 
oxides. Certain elemental oxides may also display significant ionic conductivity such 
as the group IVB oxides, most notably ZrQ 2 . In contrast, oxides according to formula 
(I) may result in reduced hydrophilic and ionic conductivity as compared with certain 
elemental oxides. 

[0079] Embodiments according to the present invention will be described in more 
detail with reference to the following non-limiting examples and the accompanying 
diagrams. 



EXAMPLF. 1 

[0080] A field effect transistor is formed according to the following procedure 
Radio frequency remote plasma assisted oxidation using oxygen as the source gas is 
employed to form an SiQ 2 insulating layer on a Si-containing substrate such as Si SiC 
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or a (Si,Ge) alloy. The above process is carried out at 300°C. A thin film, 
stoichiometric, single-phase complex oxide according to formula (I) is formed on the 
insulating layer via a radio frequency remote plasma enhanced CVD deposition 
carried out at 300°C. The structure is then exposed to a post deposition rapid thermal 
anneal in an inert, non-oxidizing ambient such as helium or argon for e.g., 30 seconds 
at 900°C. 

[0081] The resulting field effect transistor has an Si0 2 insulating layer with a 
thickness of less than 0.5 nm fca, 5 A) and a gate insulating layer physical thickness 
of more than 2.0 nm (Le^ 20 A), that, in combination with the interfacial Si0 2 layer is 
chosen to meet the targeted EOT, e.g., in the range of 0.7 nm to 1 .5 nm. 

EXAMPLE 2 

[0082] A field effect transistor is formed according to the procedure set forth in 
Example 1 with the following modifications. The substrate is exposed to an N 2 
remote plasma to allow for the formation of silicon-nitrogen bonding at the surface of 
the silicon substrate. The other layers are formed in the manner previously described. 

EXAMPLE 3 

[0083] A field effect transistor is formed according to the procedure set forth in 
Example 1 with the following modifications. A remote plasma assisted oxidation 
using N 2 0 instead of 0 2 is employed to form a thin Si0 2 layer with silicon-nitrogen 
boding at the silicon substrate. 



EXAMPLE 4 

[0084] The devices described in Examples 1 , 2 and 3, wherein the Ge, (Si,Ge) 
alloys, GaN, (Al,Ga)N and (In,Ga)N and other compound HI-V semiconductors 
alloys, such as GaAs, (Al,Ga)As, InP, (In,Ga)As and the like are substituted for c Si. 
are employed as the semiconductor substrate layer which includes the channel. When 
compound III-V semiconductors other than GaN and (Al,GaN) or (In,Ga)N are used 
as the substrate, these substrate layers may include a sacrificial semiconductor layer 
such as Si or GaN nitride, adjusted in thickness to be converted to a silicon or gallium 
oxide during the oxidation steps of Examples 1, 2 and 3, and to prevent oxidation of 
the underlying substrates which could result in the formation of elemental arsenic or 
phosphorus, or their oxides. 
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EXAMPLE S 

[0085] A silicon based HEMT device, in which the channel layer is a (Si Ge) 

alloy, the confining layers are Si, and in which the passivation layer covers the ' 
portions of the device between the source and gate electrode, and the drain and the 
gate electrode. 



EXAMPLE fi 

[0086] A silicon based HEMT device is provided, in which the channel layer 

is a (S:,Ge) alloy, the confining layers are Si, and in which the passivation layer 
covers the portions of the device between the source and gate electrode, and the drain 
and the gate electrode, and in which there is an additional interfacial oxide, or nitrided 
oxide layer that extends over the entire surface of the device, including the gate 
electrode region. The passivation layer covers this layer between the source and gate 
electrode, and the drain and the gate electrode, and the gate electrode covers this layer 
as well. 



EXAMPLE 7 

[0087, A HEMT device based on IH-V alloys that are lattice matched to InP This 
includes in one embodiment, an (In 3 Ga)As channel and confining and substrate lattice 
matched alloys that are also lattice matched to InP. The passivation layer comprises at 
least one constituent that is a thin film oxide according to formula (I), and covers the 
portions of the device between the source and gate electrode, and the drain and the 
gate electrode. In a second embodiment, the first constituent of the multi-layer 
passivation film, also extends below the gate electrode, and is covered completely by 
the gate electrode. 



EXAMPLE ft 

This 



[0088] A HEMT device based on HI-V alloys that are lattice matched to GaN 



can include a GaN channel and confining and substrate layers are lattice matched 
alloys with wider band gap, as (AI,Ga)N. The passivation layer comprises at least one 
constituent that is a thin film oxide according to formula (I), and covers the portions 
of the device between the source and gate electrode, and the drain and the gate 
electrode. Alternatively, the first constituent of the multi-layer passivation film, also 
extends below the gate electrode, and is covered completely by the gate electrode 
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EXAMPI ,B Q 
(0089] A HEMT device based on eroun ITT v -« 

utju/tt a ■ ■ . ""■"""KOT'PlII-Vantimonides. This can in C i udes a 

HEMT dev.ce m wilch a GaSb iayer is the channel and confining and snb^f 
layers, which are iarhce marched aUoys with wider band J^TJ^T 

the gate electrode. ' "* " C ° V6red <**Pletely by 

EXAMPLE in 

device is dope dp CsT^^^ 

P Ptypebi, again either single crystal, polycrystalline or 
nucrocrystalline. An ohmic contact is made to th.. « u 

uiaui 1S made to the entire bottom surface r»f tK» 
snbshate .naterfa,, ^ „,„ » «*» of the 

is a. the pertoeter of a circruar devi« an |JTT „ " ^ ^ 

~ed to Ore device g eome tty Tg e2" s " ***** ** * 

eg., SiC, OaN, GaAs T°*T ™"" — -—^ 

I™ 8 ^ ™ ta ^ * ~< ««* or an isoiafion trench, 
invention being set forth in the following claims. esco P e °fthe 
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